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GUIDING OF HIGH INTENSITY LASER PULSES IN STRAIGHT AND CURVED 
PLASMA CHANNEL EXPERIMENTS 

Laser guiding in straight and curved plasma channels can have important applications, 

such as an efficient circular x-ray laser medium, optical synchrotrons, laser accelerators, and 

harmonic generators [1-5]. Generally, laser propagation distance is limited by diffraction 

and can be further limited by ionization-induced refraction [6,7]. Optical guiding is neces- 

sary to propagate the laser pulse over distances greater than the vacuum diffraction length. 

One approach to optical guiding of intense pulses relies on the self-induced modification 

of the plasma refractive index due to relativistic electron motion [8] or by ponderomotive 

force-driven charge displacement [9]. This approach requires high laser powers (> 1 TW). 

Another approach to guiding relies on a preformed plasma density channel, in which the 

refractive index is peaked on axis by minimizing the local ambient electron density on axis 

[10]. Guiding in a preformed plasma channel has been demonstrated previously [11] using 

two moderate intensity (< 1014 W/cm2) laser pulses. More recently, guiding up to (> 101S 

W/cm2) has been demonstrated using the same technique[12]. In these experiments, the 

first pulse initiates a cylindrical expanding shock wave in a gas chamber to form a straight 

plasma channel, which guides the second pulse. Using this method, guiding has been ob- 

served over distances as large as 90 laser diffraction lengths [12]. Initial experiments on 

the guiding of laser pulses in one-dimension using a slab geometry capillary discharge have 

also been reported [13]. 

In this letter we report the optical guiding of a high intensity (> 1016 W/cm2) laser 

pulse over a distances of several vacuum diffraction (Rayleigh) lengths using a plasma 

channel formed by a slow electrical discharge in a cylindrical capillary. Using this guiding 

technique, we have obtained the first demonstration of guiding of a high intensity laser 

pulse along a curved channel. 

Experimental results demonstrate that guiding takes place over a wide range of laser 

intensities. In these experiments, intensity was varied from ~ 108 W/cm2 (using the 

oscillator only) to greater than 1016 W/cm2. Results are consistent with the theoreti- 

cal prediction that density channel guiding is a first-order process (unlike relativistic or 

ponderomotive guiding), and is independent of laser intensity [10]. The guiding distance 

appears to be limited only by the capillary length and absorption of the laser by the 

plasma. The temperature and plasma density near the capillary axis can be modified over 
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a wide range [14], independent of guiding conditions (channel absolute depth and width). 

The formation of a highly localized plasma channel by a capillary discharge in a vacuum 

cell enables focusing of high intensity laser pulses at the channel entrance and avoids laser 

propagation in a neutral gas before the laser focus. This feature is important for soft x-ray 

lasers, where the generated radiation can be absorbed by the neutral gas. The generated 

plasma consists of ions of the capillary wall material, which is made of a compound with a 

high concentration of hydrogen. Thus, the effective ionization state in the plasma remains 

almost constant even for very high laser intensities. 

The ablation-dominated capillary discharge configuration, which forms the plasma 

channel, is shown in Fig. 1. A 1 cm long polypropylene cylinder with a 350 fiva diameter 

hole is placed between two electrodes. The electrodes are connected to an 11 nF capaci- 

tor which is charged to 0.2 - 0.5 Joules. The discharge, which is initiated by a triggered 

spark-gap, has a maximum repetition rate of 1.5 Hz. The energy stored in the capacitor 

is ohmically dissipated in the capillary discharge and transfers energy from the capacitor 

to the plasma with high efficiency, since the discharge functions as a resistive element. 

This energy is partitioned between plasma pressure, dissociation and ionization energy, as 

well as kinetic energy of the plasma flow. Energy transport from the discharge to the wall, 

principally by radiation, causes additional ablation of the polypropylene, thereby providing 

additional plasma to maintain the discharge. Under conditions where the flow kinetic en- 

ergy is smaller than the thermal energy, the balance between the power radiated by plasma 

and the input electrical power defines the plasma temperature T, capillary resistance R, 

and plasma density n as functions of the capillary geometry and the current I. This simple 

approximation yields the following scaling rules, which have been experimentally verified 

[14]: T = 3.3I036 eV, n = 1.3 X 1020/0-91 cm"8, and R = Uli"055 ohms, where I is 

in kA. Thus, the capillary plasma density and temperature can be simply controlled by 

varying the electrical parameters of the external circuit. 

For experiments in which the capillary radius was smaller than Rosseland[15] mean 

free path, which governs the radiation losses, the radial electron density profile was found to 

be parabolic, with a minimum on axis [16]. The parabolic profile is the result of the radial 

profiles of the pressure and temperature.   The pressure across the capillary is expected 



to be constant, since any disturbance in the radial direction will equilibrate with a time 

scale given by the capillary radius divided by the sound speed. This time scale is much 

shorter than both the discharge duration (~ 1 (Msec) and the plasma flow time along the 

channel. In addition, the temperature is higher at the center and drops near the wall, due 

to radiation and collisional heat transfer. Therefore, the density is minimum on axis and 

increases towards the capillary walls. In this experiment and in Ref. [16], the axial plasma 

temperature was ~ 3 eV and the electron density varied within the range ~ (1 — 5) x 1019 

cm"5. 

For a parabolic plasma channel of the form n = no + Anr2/r*fc, where rch is the 

radius of the plasma channel, it can be shown [10] that a laser pulse with a radial profile 

~ exp(—T2/r\) will be matched (drL/dz = 0) within the channel with a laser spot size 

(radius) TL = TM given by rjvf = [^/(irrreAn)]1/4, where re = e2/mc2 is the classical 

electron radius. For representative parameters, rch = 150 fim and no cz An = 4 x 1018 

cm"5, the matched beam radius is TM — 28 /im. 

Since the capillary discharge typically produces a large-radius channel (rch > 100 fim), 

it is capable of transmitting a wide range of laser spot sizes. At one extreme, a laser with 

rjj = reh = 150 fim can be guided with a density depression of An/n < 1%. In addition, 

the capillary discharge can produce a large density depression (An > 1019 cm"5), so that 

tightly-focused laser pulses {TL < 10 fim) can be guided. 

The propagation experiments were carried out using a 1 cm long straight cylindrical 

polypropylene capillary tube with an inner diameter of 350 /tm, as well as a curved capillary 

tube, with length 1 cm, inner diameter 350 fim and having a 10 cm radius of curvature. 

The experiments were conducted using the Hebrew University Laser which consists 

of a Ti-Sapphire oscillator followed by regenerative and four-pass amplifiers. The system 

is capable of delivering a linearly-polarized, 100 fs pulse with energy up to 50 mJ at 

wavelength A = 0.80 fim. with repetition rate of 10 Hz. Timing electronics that trigger 

both the laser and the spark-gap allow synchronization of the laser pulse arrival and the 

discharge initiation. Using this technique, we were able to vary the delay between the 

initiation of the electrical discharge and the arrival of the laser pulse. 

The laser was focused on the capillary channel by means an F* = 11.5 lens, which 



produces a laser waist r^o — 15 /zm when focused in vacuum. The minimum spot size of 

15 /xm implies that the beam is ~1.6 times the diffraction-limited value of AF# ~ 9.2 /xm 

[17]. Operating at pulse energy 4 mJ, the peak focused intensity was ~1016 W/cm2. 

The capillary was located in a 10-4 ton vacuum chamber, with the capillary entrance 

placed at the focal plane of the laser focusing lens. The alignment of the delivery and 

collecting optics, outside the vacuum chamber, was achieved with a 1 mW He-Ne laser. 

The final angular and transverse positioning of the optics system was performed using the 

Ti-Sapphire oscillator. 

The input and transmitted User energy in the capillary was measured by splitting and 

focusing a portion of the beam into two calibrated photo-diodes (see Fig. 1). Photo-Diode 

1 provides input data, including laser energy and timing. Photo-Diode 2 measures the 

amount of laser light transmitted through the capillary. The laser light transmitted through 

the plasma channel was collected and imaged by an optical system onto a CCD camera. 

The imaged intensity was reduced by inserting thin calibrated neutral density niters. The 

beam interference in these filters is responsible for the beam profile modulation seen in 

Figs. 2 and 3. These figures show single-shot images of the laser beam at the capillary exit, 

recorded at 10 Hz by the CCD camera with and without the discharge for the straight (Fig. 

2) and curved (Fig. 3) capillary tubes. The difference between the maximum discharge 

repetition rate (1.5 Hz) and laser repetition rate (10 Hz), allows comparison of the guided 

and unguided laser pulse images under otherwise identical conditions. Figures 2 and 3 

show guiding over a distance ~ HZRO, where ZR0 = irr\0/\ = 0.088 cm is the Rayleigh 

length. 

The laser beam expansion after passing through the capillary channel was measured 

by recording the images of the transmitted light at various locations. Measurements were 

taken at distances between 0 and 1 cm from the capillary exit. In the case of the straight 

capillary, the focusing and collecting optics were placed on the same optical axis. In the 

curved capillary experiments the optical systems were placed at an angle of 3° relative to 

the channel axis (6° between the two optical systems axes). 

Experimental results show substantial increases in the laser energy transmission and 

a substantial reduction of the laser spot size at the capillary exit when the capillary is 
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discharged. When the laser pulse (focused using an F# = 11.5 lens) was transmitted 

through the straight capillary without an electrical discharge, the energy transmission was 

25%. This value corresponds to the geometrical opening of the capillary and indicates very 

low reflection at the capillary walls (the radius of the transmitted laser light at the capillary 

exit was equal to the capillary radius of 175 (Mm). When the pulse is focused at the capillary 

entrance 250 ns after initiation of the electrical discharge, the typical energy transmission 

increases to 75% and the emerging pulse radius is reduced to 30 fim. (Fig. 2). Experimental 

results indicate a critical sensitivity to alignment and timing between initiation of the 

discharge and the arrival of the laser pulse. Enhanced capillary transmission is obtained 

for laser pulses injected 200 ns to 350 ns after the discharge is initiated. For shorter delays, 

no significant effect was observed. For longer delays, the spot size of the transmitted pulse 

remains small (as in optimal case), but the amount of the transmitted light is reduced. 

Performance as a function of stored electrical energy was studied in the straight capil- 

lary geometry by using two capacitors for the electrical discharge: 2.1 nF and-11 nF and by 

varying the voltage across the capillary. However, voltage variation also affects the plasma 

density according to the scaling rules stated earlier. Optimal guiding was obtained using 

the 2.1 nF capacitor and a discharge voltage of 13 kV. For these values, the maximum 

current was 500 A. Using the 2.1 nF capacitor, capillary wall erosion was found to be rela- 

tively small. There was no significant widening of the capillary channel after 100 shots. For 

discharge voltages significantly above 15 kV, the transmitted laser intensity was negligible; 

at low voltages, the guiding was less pronounced. The transmitted laser pulse outside the 

capillary was monitored at various distances from the capillary exit. Measurements of the 

beam diameter were obtained by varying the distance between the capillary exit and the 

focal plane of the collecting optical system. It was found that the laser pulse spot size 

did not vary significantly at distances from 2 mm to 7 mm away from the capillary exit. 

Small variations in the spot size were attributed to variations in An consistent with recent 

simulation results and possibly jitter in the timing between the initiation of the discharge 

and the pulse arrival. In addition, plane imaging was used to measure the beam profile at 

several positions after the exit of the capillary tube in the same shot. For this purpose, 

five beam splitters were placed between the imaging lens and the CCD camera. The image 



taken by each beam splitter shows the laser radial profile at a particular position. Beam 

radial profile data were taken at distances 0, 0.2, 0.4, 0.6 and 0.8 cm from the exit of the 

capillary. A beam divergence angle of > 8 mrad was found. 

Figure 3 shows the results of optical guiding experiments along a curved plasma chan- 

nel using the 11 nF capacitor and a discharge voltage of 9.3 kV. In the curved channel 

experiments, capillary performance was sensitive to the alignment of the the laser beam 

with respect to the capillary axis. With optimal alignment and a 10 cm radius-of-curvature 

plasma channel, energy transmission was as high as 85%, and the laser spot radius at the 

capillary exit was 50 fim. In experiments using a capillary having a 4.2 cm radius of 

curvature (other parameters identical), the peak energy transmission was ~2%, in good 

agreement theory (see below). 

To examine propagation of the laser pulse into, through, and out of the straight 

channel, simulations were performed using the 2D (r,z) LEM nonlinear laser code [18]. 

Figure 4 shows the laser spot radius rx, plotted versus propagation distance z through the 

channel, which is located at 0.5 < z < 1.5 cm. In the simulation, the on-axis plasma 

density is 5.0 x 1018 cm~s, An = 4.0 x 1018 cm-3, and rch = 150 /im. The laser pulse 

is focused at the channel entrance with a minimum spot size TLQ = 15 fim. Since the 

experimental spot size is 1.6 times the diffraction-limited value, the simulation code was 

heuristically modified to reduce the vacuum diffraction length by this same factor. Figure 

4 shows that the laser spot radius osculates about the matched beam radius TM = 28 /an 

as it is guided through the 1 cm long channel. For comparison to the guided case, laser 

propagation in vacuum (no channel) is also shown. At the capillary exit, the laser spot 

radius is 45 fim and the divergence angle is ~ 14 mrad, in good agreement with experiment. 

Laser propagation in a curved plasma channel can be analyized in the low-laser- 

intensity limit. In this limit, nonlinear (relativistic and ponderomotive) effects are ne- 

glected and the channel is assumed to be unaffected by the laser pulse. In a straight 

channel, the laser electric field, E = \Eeik^-ct^ + c.c, obeys the paraxial wave equation 

(V2
L + 2ikd/dz)E = k2(l-r}

2)E, (1) 

where w = ck is the laser frequency, z is along the channel axis, n is the index of refraction, 
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c.c. denotes the complex conjugate, and \dE/dz\ < k\E\ is assumed. The linear index of 

refraction for a plasma is given by r\ ~ 1 — u;2/2u>2, where wp = (47re2n/m)1/2 is the plasma 

frequency and n is the plasma density. 

Consider a channel which is curved in the (x,z) plane with a constant radius of 

curvature .Ro, where z is the distance along the curved channel axis and x, y, and r = 

(x2 +y2)1'2 are defined with respect the the channel axis. It can be shown that the paraxial 

wave operator in the curved coordinate system becomes (V2
L+2ifcö/dz+2k2x/RQ)E where 

Vj^ = d2/dx2 + d2/dy2 and higher order terms (smaller by at least r/Ro < 1) have been 

neglected. Hence, the laser field envelope, E, obeys the paraxial wave equation, Eq. (1), 

with an effective index of refraction given by 

7/e// = l-WJ(r)/2ü,2+*/J2o, (2) 

where the x/Ro term represents the effects of curvature. Assuming a density channel of 

the form n = no + Anr2/r2
fc, it can be shown that the solution to Eq. (1) with i\ = 7/e// 

is given by 

E = E0exp[iAkz + ikx(x-xc)-(x-xc)
2/r2-y2/r2], (3) 

where ro is the matched laser spot radius given by rjj = r2
fc/(7rreAn), AJb is the wave 

number shift, kx = kdxc/dz, and the laser pulse centroid xc satisfies 

d2xc/dz2 + xc/Z
2

RO=l/Ro, (4) 

where ZRQ = kr\/2 is the Rayleigh length of the matched beam. In Eq. (3), Ak represents a 

small phase shift given by Ak = -[u;l/(2c2k2)+2/(r0k)2-kl/(2k2) + x2J(r$k2)-xc/R0]k, 

where \Ak\ <C k. Equation (4) indicates that the laser centroid xe oscillates in z about an 

equilibrium offset value given by xeo = Zj^/Ro. Clearly this offset must be less than the 

channel radius or the laser will be lost from the channel. This sets a minimum acceptable 

radius of curvature: 

■Ro > Z2Ro/rch. (5) 

For a matched beam (ro = 28 /xm) and representative experimental parameters (A = 0.8 fim. 

and Tch. = 150 /xm), ZRO = 0.31 cm and Ro > 6.4 cm. This value is in excellent agreement 

with the experimental results. 



In summary, optical guiding of high intensity (> 1016 W/cm2) laser pulses has been 

demonstrated using both straight and curved channel geometries, where the plasma channel 

is formed by a slow cylindrical capillary discharge. Results, which demonstrate guiding 

of > 75% of the laser pulse energy over a distance of ~ 11 Rayleigh lengths, are in good 

agreement with theoretical and numerical calculations. 

This work was supported by the US-Israeli Binational Science Foundation, the U.S. 

Office of Naval Research, and the U.S. Department of Energy. 
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Fig. 2. C.C.D. images of the laser pulse emerging from the straight capillary for (a) a guided pulse and 

(b) an unguided pulse. Intensity profiles (c) from the images are also shown. Note that the focal 

plane is 2 mm from the capillary exit and that the interference lines are due to low grade neutral 

density filters. 
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Fig. 3. C.C.D. images of the laser pulse emerging from the curved capillary (radius of curvature 10 cm) 

for (a) a guided pulse and (b) an unguided pulse. Intensity profiles (c) from the images are also 

shown. The focal plane is 5 mm from the capillary exit. 
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